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ABSTRACT
Two-component particle image velocimetry was employed to measure the
effects of the mechanical distortions caused from surface roughness topologies on
a Mach 2 boundary layer. The first goal of this study was to characterize the
mechanical responses of the supersonic boundary layer to various roughness
topologies. These responses were characterized in ensemble averaged mean
velocity characteristics as well as turbulent intensity responses through the
Reynolds Stresses. The second goal was to characterize the streamwise
development of the mechanical distortions over a diamond roughness topology.
Measurements were taken at three streamwise measurement locations to
measure the streamwise mechanical distortion development. Lastly, near-wall
streamwise-elongated coherent structures were characterized utilizing a
streamwise-spanwise oriented laser sheet. Instantaneous velocity vector fields
and two point autocorrelations were used to characterize the spatial orientation of
the near-wall coherent structures. Baseline characteristics of the supersonic
boundary layer were determined over a hydraulically smooth floor insert.
The mean and turbulent statistics compare well to other results when scaled
by the roughness friction velocity. Ensemble averaged outer-scaled streamwise
velocity profiles showed a velocity deficit in the near-wall region. Inner-scaled
boundary layer profiles showed a downward vertical shift of 3 and 4.5 for the
diamond roughness and realistic roughness topologies, respectively. These values
show similar mechanical responses to the results seen by Ekoto et al.[3] in a Mach
2.86 boundary layer. The roughness effects were shown to increase in magnitude
along the streamwise distance.

iv

TABLE OF CONTENTS

Chapter One Introduction ...................................................................................... 1
1.1

Surface Roughness Evolution ................................................................ 1

1.2

Objectives ............................................................................................... 3

Chapter Two Literature Review ............................................................................ 5
2.1

Surface Roughness Research in Subsonic-Flow.................................... 5

2.2

Surface Roughness Research in Supersonic-Flow ................................ 8

2.3

Background of Work for Horizontal PIV Sheet ...................................... 12

Chapter Three Experimental Setup and Methodology ........................................ 17
3.1

UTSI Experimental Facility ................................................................... 17

3.2

Test Article Geometries ........................................................................ 18

3.2.1

Roughness Element Sizing ........................................................... 19

3.3

Schlieren Experimental Set-up ............................................................. 24

3.4

PIV Experimental Set-up ...................................................................... 25

3.5

PIV Uncertainty Analysis ...................................................................... 29

Chapter Four Experimental Results from Three Roughness Types .................... 34
4.1

Schlieren Results .................................................................................. 34

4.1.1

Schlieren Imaging for PIV Measurement Locations One and Two 34

4.1.2

Schlieren Imaging for Measurement Location Three ..................... 36

4.2

PIV Results ........................................................................................... 38

4.2.1

Mean Boundary Layer Profiles ...................................................... 38

4.2.2

Turbulence Results........................................................................ 45

Chapter Five Roughness Effect Streamwise Development Characterization ..... 53
5.1

Mean Data Boundary Layer Profiles ..................................................... 53

5.2

Turbulence Results ............................................................................... 56

Chapter Six Horizontal PIV Data ......................................................................... 61
6.1

Flat Plate Results ................................................................................. 61

6.2

Roughened Surface Results ................................................................. 63
v

Chapter Seven Conclusions ............................................................................... 68
List of References ............................................................................................... 71
Vita...................................................................................................................... 76

vi

LIST OF TABLES
Table 3.1. Roughness test article specifications. ................................................ 23
Table 3.2. Summary of uncertainty for PIV measurements................................. 33

vii

LIST OF FIGURES
Figure 1.1. Example of tile TPS bowed panels, from Berry et al. [4]....................... 2
Figure 1.2. Example of cross-hatching using low temperature ablators, from Stock
and Ginoux.[5] ................................................................................................. 3
Figure 2.1. Realistic roughness test article, from Wu and Christensen. ([8],[9],[10]) ... 6
Figure 2.2. Mean velocity profiles in (a) inner and (b) velocity defect scaling. Not
all data points shown for clarity. □: smooth; Δ: rough. From Wu and
Christensen.[9] ................................................................................................ 7
Figure 2.3. Mean velocity profiles in (left) outer units and (right) inner units. ○:
smooth; □, Δ, and ◊: varying realistic roughness heights. From Mejia-Alvarez
and Christensen.[22]........................................................................................ 8
Figure 2.4. Sketch of the diamond roughness elements used by Ekoto et al. [2] . 10
Figure 2.5. Velocity profile showing downward shift, from Peltier et al. [25] .......... 11
Figure 2.6. (left) Normalized streamwise velocity profiles, (right) Law-of-the-wall
correlations with van Driest transformations, where the circles are the smooth
plate and all other shapes are roughness topologies, from Sahoo et al. [27] . 11
Figure 2.7. Streamwise and spanwise velocity fluctuations at y/δ = 0.16 (top row),
y/δ = 0.45 (bottom row) normalized by uτ, from Ganapathisubramani et al.[29]
..................................................................................................................... 13
Figure 2.8. Instantaneous streamwise elongated turbulent structures at y/δ = 0.2,
from English[33]. ............................................................................................ 14
Figure 2.9. Autocorrelation profiles, from Ganapathisubramani et al.[29] ............. 16
Figure 2.10. Autocorrelation profiles, from English.[33] ........................................ 16
Figure 3.1. UTSI Mach 2 wind tunnel. ................................................................. 17
Figure 3.2. Floor insert location........................................................................... 18
Figure 3.3. (a) Flat floor insert, (b) diamond roughness floor insert, and (c) realistic
roughness floor insert. ................................................................................. 20
Figure 3.4. Schlieren experimental set-up, from Lash et al.[34] ............................ 24
Figure 3.5. PIV experimental set-up, from Combs et al.[38] ................................. 25
viii

Figure 3.6. Illuminated particles over the flat plate model at the centerline. ........ 27
Figure 3.7. Standard deviation of mean and fluctuating velocity components. ... 30
Figure 3.8. Convergence of the mean streamwise velocity and r.m.s velocity. ... 31
Figure 3.9. Laser pulse timing separation. .......................................................... 32
Figure 4.1. Global Schlieren image over the flat plate model. ............................. 35
Figure 4.2. Schlieren image of (a) Flat Plate (b) Diamond Roughness (c) Realistic
Roughness................................................................................................... 35
Figure 4.3. Schlieren image of the flat plate floor insert at measurement location
three, where the yellow box is the PIV field-of-view. .................................... 37
Figure 4.4. Schlieren image of the diamond roughness floor insert at measurement
location three, where the yellow box is the PIV field-of-view. ...................... 38
Figure 4.5. Mean velocity fields for (a) Flat Plate (b) Diamond Roughness (c)
Realistic Roughness. ................................................................................... 40
Figure 4.6. Dilatation and swirling strength for (a) Flat Plate (b) Diamond
Roughness and (c) Realistic Roughness. .................................................... 42
Figure 4.7. Outer-scaled boundary layer profile. ................................................. 43
Figure 4.8. Outer-scaled boundary layer profile at three different streamwise
locations....................................................................................................... 44
Figure 4.9. Inner-scaled boundary layer profile. .................................................. 44
Figure 4.10. Inner-scaled axial Reynolds stress profile....................................... 46
Figure 4.11. Inner-scaled wall-normal Reynolds stress profile. ........................... 46
Figure 4.12. Inner-scaled shear Reynolds stress wall-normal profiles. ............... 47
Figure 4.13. Reynolds shear stress field over the flat plate. ............................... 48
Figure 4.14. Reynolds shear stress field over the diamond roughness topology.
..................................................................................................................... 48
Figure 4.15. Reynolds shear stress field over the realistic roughness topology. . 49
Figure 4.16. Axial profiles of shear Reynolds stress. .......................................... 50
Figure 4.17. Turbulence intensity profiles for all three roughness topologies. .... 50
Figure 4.18. Shear Reynolds stress probability density functions for all three
roughness elements, normalized by the square of the friction velocity. ....... 52
ix

Figure 5.1. Schematic for the three PIV measurement locations, where orange line
represents the roughness floor inserts, the green boxes are the PIV fields-ofview, and the blue line is the boundary layer edge. ..................................... 53
Figure 5.2. Outer-scaled streamwise boundary layer profiles at all three
measurement locations for the flat plate test article. .................................... 54
Figure 5.3. Outer-scaled streamwise boundary layer profiles at all three
measurement locations for the diamond roughness test article. .................. 55
Figure 5.4. Inner-scaled boundary layer profiles for all three measurement
locations for both the flat plate and diamond roughness test articles. .......... 56
Figure 5.5. Inner-scaled axial Reynolds stress profiles at all three measurement
locations....................................................................................................... 57
Figure 5.6. Inner-scaled wall-normal Reynolds stress profiles at all three
measurement locations. ............................................................................... 57
Figure 5.7. Inner-scaled shear Reynolds stress profiles at all three measurement
locations....................................................................................................... 58
Figure 5.8. Turbulence intensity at each measurement location for the flat plate
floor insert. ................................................................................................... 60
Figure 5.9. Turbulence intensity at each measurement location for the diamond
roughness floor insert. ................................................................................. 60
Figure 6.1. (left) Streamwise velocity fluctuations over the smooth surface
normalized by uτ at y/δ = 0.15. (right) Spanwise velocity fluctuations over the
smooth surface normalized by uτ at y/δ = 0.15. ............................................ 62
Figure 6.2. (left) Autocorrelation in the streamwise direction (right) autocorrelation
in the spanwise direction at y/δ = 0.15. ........................................................ 64
Figure 6.3. (a) Streamwise velocity fluctuations over the roughened surface
normalized by uτ at y/δ = 0.15. (b) Spanwise velocity fluctuations over the
roughened surface normalized by uτ at y/δ = 0.15. ...................................... 65
Figure 6.4. Autocorrelation profile comparison between the flat plate and diamond
roughness velocity fluctuations at y/δ = 0.15 in (a) Ruu and Rww for the
streamwise direction, and (b) Ruu and Rww for the spanwise direction. ..... 67
x

NOMENCLATURE
k+

Roughness Reynolds number

k

Roughness height

uτ

Friction velocity

νw

Dynamic viscosity at the wall

ρ

Density

u∞

Freestream velocity

ueff

Effective velocity

u

Velocity

B1

First constant of the van Driest correction II law

B2

Second constant of the van Driest correction II law

B3

Third constant of the van Driest correction II law

Taw

Adiabatic wall temperature

T∞

Freestream static temperature

Tw

Static temperature at the wall

κ

von Karman constant

y+

Van Driest corrected height off wall

Π

Clauser chart method constant

δ

Boundary layer thickness

y

Height off wall

St

Stokes number

τp

Particle characteristic time

τf

Characteristic flow time scale

C

Clauser chart method constant

Kn

Knudsen number

dp

Particle diameter

μ

Viscosity

λ

Mean free path

ΔU

Characteristic velocity difference
xi

CHAPTER ONE
INTRODUCTION
1.1

Surface Roughness Evolution

Flight vehicles traveling at supersonic or hypersonic speeds are vulnerable
to the onset of surface roughness, which can result in changes in the state of the
boundary layer ultimately effecting the performance of the vehicle. While the
majority of the wetted surface area of a vehicle is relatively smooth, every vehicle
will contain roughness on some level.[1] Manufacturing flaws could be one example
of roughness, where rivets, seams, or machining imperfections could cause a
surface to be roughened.[1] Other relevant surface topology variations could be
caused from random pitting, spallation, contamination deposits, or ablation.([2],[3])
These surface imperfections can interact with the boundary layer attached to the
surface of a vehicle and can increase the local drag and heating rates, or cause a
laminar-to-turbulent transition earlier than expected. While these conditions are
known to cause adverse effects to flight vehicle performance, the effects of
distributed surface roughness on a supersonic boundary layer are not well
known.[1] More detailed studies of distributed surface roughness remain necessary
to develop the critical knowledge base for accurate design methodologies for highspeed vehicles.
Because of the high temperature conditions on the surface of a high-speed
vehicle, they typically require thermal protection systems (TPS). There are two
standard types of TPS considered in this study: tile and ablative. An example of
tile TPS is that used on the space shuttle, where multiple tiles are adhered together
to cover a given surface.([2],[3]) Tile TPS will leave seams at the interface between
two tiles, which results in periodic surface roughness. Berry et al.[4] also discussed
how metallic tile TPS systems are expected to have bowing in flight due to pressure
gradients across the panel. Figure 1.1 provides an example of tile TPS. This adds
additional roughness to a system.
1

Figure 1.1. Example of tile TPS bowed panels, from Berry et al. [4]

Ablative TPS, by design, removes material from the surface in high
temperature to avoid heat conduction into the surface. Although these surfaces
are initially smooth, the removal of the TPS material causes shape change on the
exposed surface. Stock and Ginoux[5], and Gold and Probstein[6] studied lowtemperature ablators and found that cross-hatching and striations were the two
dominant roughness topologies. Figure 1.2 is an example of cross-hatched
roughness patterns with striations from Stock and Ginoux[5]. In both the conical
geometries and flat plate models, there appear to be distributed diamond elements
that are formed along the streamwise direction.
Larson and Mateer[7] performed wind tunnel tests and witnessed similar
distributed diamond roughness patterns. They also noted that cross-hatched TPS
surfaces recede at a non-uniform rate. The findings from these studies motivated
the current research effort to further explore the phenomenon associated with
distributed diamond roughness topologies.
2

Figure 1.2. Example of cross-hatching using low temperature ablators, from Stock
and Ginoux.[5]
Spallation, material degradation, and damage from foreign debris result in
another relevant roughness topology. Wu and Christensen([8],[9],[10]) studied turbine
blade damage and generated test articles by using a lower-order reconstruction of
the surface topology. The resulting surface was non-uniform with a large range of
varied large-scale and small-scale roughness heights. Although extensively
studied by Wu and Christensen([8],[9],[10]) in low speed flows, the literature review for
this effort revealed no other research on the effects from highly-irregular surfaces
on a supersonic boundary layer. This research will explore how these highlyirregular surfaces mechanically distort a supersonic boundary layer in both the
mean and turbulent statistics.

1.2

Objectives

Although it is well known that roughness will most likely occur on the surface
of any flight vehicle, knowledge is lacking on how surface roughness effects
supersonic and hypersonic aerodynamics. The current study aims to add to the
3

knowledgebase by studying the aerodynamic effects of various surface topologies
by means of Particle Image Velocimetry (PIV). PIV is a well-suited diagnostic
technique for this research because it is a relatively non-intrusive measurement
technique that provides velocity measurements over a relatively large field-of-view.
Mean and turbulent flow characteristics have been measured over three
roughness types. The three roughness types used in this research were a baseline
smooth floor, a uniformly distributed mesh of diamond elements, and a realistic
roughened surface. The changes between the baseline and roughened topologies
in the mean and turbulent behavior provide insight into how each boundary layer
reacts when mechanically disturbed by the roughness topologies.
The low-enthalpy environment of the high-speed wind tunnel at the
University of Tennessee Space Institute was an important aspect of this research.
Using this facility allowed for the decoupling of thermal effects and roughness
evolution, allowing for the study of just the aerodynamic effects. This effectively
“froze” the material that might otherwise be degrading due to thermal effects and
provided static roughness topologies.
This study aims to achieve the following goals:
1. Characterize the effects on the supersonic boundary layer of three
roughness types at a given measurement location to determine if there
are any dependencies on roughness topology.
2. Characterize how the effects of distributed roughness elements develop
along the streamwise direction.
3. Measure near-wall coherent structures to determine the impact of
roughness effects.

4

CHAPTER TWO
LITERATURE REVIEW
This study applies optical diagnostics to characterize the effects of surface
roughness on a supersonic boundary layer. This chapter provides a brief summary
of the literature addressing subsonic surface roughness effects, supersonic
roughness effects, and streamwise-spanwise PIV measurements in the near wall
region. A large amount of research has been accomplished on characterizing
isolated and small arrays of roughness elements and their effects on a boundary
layer. These topics will not be discussed in this section. The focus will be on
research of distributed surface roughness effects on a boundary layer in either
subsonic or supersonic flow.

2.1

Surface Roughness Research in Subsonic-Flow

The effects of both singular and distributed surface roughness effects on an
incompressible boundary layer are extensively studied. There are many
summaries of the rough-wall boundary layer research for incompressible flows
including: Nikuradse[11], Perry, Schofield and Joubert[12], Grass[13], Perry, Lim and
Henbest[14], Raupach[15], Jimenez[16], Schultz and Flack[17], Schlicting[18], Ligrani
and Moffat[19], Shockling et al.[20]. Therefore, a comprehensive background will not
be provided herein. A few of the directly applicable studies to this work will be
summarized in this section.
Nikuradse[11] studied incompressible, turbulent flow of fluids in rough pipes
with various roughness heights. The roughness elements were geometrically
similar, and were created by cementing sand grains to the wall. The result of these
experiments was that the velocity distributions had only slight variation with the
Reynolds number, but was more pronouncedly dependent on the relative
roughness (k+). Goddard[21] verified this finding in supersonic boundary layers.
Wu and Christensen([8],[9],[10]) studied roughness topologies resulting from
damage caused from the deprecation of foreign debris on turbine blades. A low5

order reconstruction of the turbine blade damage resulted the roughness topology
used in their study. The resulting roughness topology was coined a “realistic”
roughness, and can be seen in Figure 2.1. The same roughness type and
nomenclature was used for the results in Chapter Three of this research. Wu and
Christensen([8],[9],[10]) utilized high-resolution PIV measurements in incompressible
flow to study the streamwise-wall-normal plane boundary layer over the realistic
roughness. This study characterized the mean and turbulent flow features caused
from distributed surface roughness elements on the subsonic boundary layer. The
inner-scaled mean velocity profiles showed that the roughened wall caused a
downward shift compared to the baseline smooth wall. The velocity defect
streamwise velocity profile also showed a decrease in velocity in the inner
boundary layer. Both of these velocity profiles were used to show roughness
effects using mean measurements. The inner-scaled and velocity defect boundary
layer profiles can be seen in Figure 2.2. Turbulent effects in the boundary layer
were also investigated and the Reynolds stress values were found to increase
dramatically, especially in regions of increased roughness scales. It was also found
that the Reynolds stress profiles collapsed when scaled by the friction velocity,
which supported the notion of wall similarity for low-speed flows.

Figure 2.1. Realistic roughness test article, from Wu and Christensen. ([8],[9],[10])
6

Figure 2.2. Mean velocity profiles in (a) inner and (b) velocity defect scaling. Not
all data points shown for clarity. □: smooth; Δ: rough. From Wu and Christensen.[9]

Mejia-Alvarez and Christensen[22] continued investigating roughness
articles similar to the previous study in subsonic flow. PIV was again used in the
streamwise-wall-normal plane in both developing flow and developed flow regions.
In the developed flow region, 15 boundary layer thicknesses (δ) downstream, the
results agreed with the previous studies. In the developing flow state, 7δ
downstream, the results showed similar trends, only with a smaller downward shift
in the inner-scaled boundary layer profile. An important finding in this research was
that the roughness effects were confined within the inner boundary layer in the
developing flow state. As the flow develops, the roughness effects envelop a larger
portion of the boundary layer until it effects the entire boundary layer and the flow
becomes self-similar. When this occurs, the boundary layer is considered to be
developed over the roughened surface. Figure 2.3 shows the mean outer-scaled
and inner-scaled boundary layer profiles.
For the current research, the data acquired will be compared to the work of
Mejia-Alvarez and Christensen.[22] Measurements will be taken over the same
roughness topology at similar measurement locations to investigate the
differences in subsonic and supersonic flow over the surface. This was be done to
7

Figure 2.3. Mean velocity profiles in (left) outer units and (right) inner units. ○:
smooth; □, Δ, and ◊: varying realistic roughness heights. From Mejia-Alvarez and
Christensen.[22]

validate the hypothesis of Nikuradse[11] that the only parameter that varies the
boundary layer profile is the roughness Reynolds number, k+.

2.2

Surface Roughness Research in Supersonic-Flow

In comparison to incompressible flow, the database of compressible flow
over distributed surface roughness is far more limited. Bowersox[1] gives a
summary of the majority of experimental work performed in this research field.
Research in this area has been performed since 1955, [1] but it has mainly focused
on the mean response of a compressible boundary layer to a roughened surface.
It wasn’t until 2000 that Bowersox and Latin([23],[24]) measured the turbulent
response of a compressible boundary layer to roughness topologies. Since then,
there have only been four efforts found in the literature, not including the present,
that have investigated the turbulent responses of a supersonic boundary layer over
roughness topologies. A summary of each is below as well as the key findings.
Bowersox and Latin([23],[24]) accomplished the first turbulent measurements
8

for surface roughness effects on a supersonic boundary layer. They investigated
turbulent and mean measurements, including mean velocity and density, kinematic
turbulent intensity, Reynolds shear stress, and mass flux turbulence intensity. The
diagnostic tools used for these experiments were Schlieren imaging, Laser
Doppler Velocimetry and pitot probe measurements. Six different roughness
topologies were used, consisting of three sand-grain plates and two uniformly
machined plates. This research found that the roughness elements, when in the
fully rough regime, protrude into the supersonic region of the boundary layer,
causing shock waves and expansion fans to occur. These results suggest that the
effects of the roughness elements will most likely vary from incompressible results,
generating concern regarding the use of incompressible surface roughness
models and relations. Another important finding was that the Reynolds stress
contours did not collapse when scaled by outer parameters, suggesting that the
dependence is on the roughness element topology and sizing.
Ekoto et al.([2],[3]) used PIV and Schlieren diagnostics to investigate the mean
and turbulent responses of a supersonic boundary layer over a uniformly
distributed mesh of diamond roughness elements. The diamond roughness
elements were designed to have oblique shock waves form at the front portion of
the diamond roughness element, and have a Prandtl Meyer wave at the trailing
portion. Figure 2.4 shows a schematic of the roughness elements. A periodic
oscillation was noticed for the Reynolds stresses, primarily caused from the
favorable and adverse pressure gradients due to the shape of the diamond
elements. The Reynolds stress and turbulent intensities increased at the forward
portion of each diamond roughness element, and decrease over the aft portion.
Peltier et al.([25],[26]) used the same diamond roughness elements, and
studied the effects of the roughness elements on a Mach 4.9 turbulent boundary
layer using PIV and Schlieren. The roughness elements caused increased
turbulence fluctuations in the lower half of the boundary layer, while decreasing
the turbulence fluctuations in the upper half of the boundary layer. The inner-scaled
boundary layer profiles showed a 13 ΔU+ downward shift for diamond roughness
9

Figure 2.4. Sketch of the diamond roughness elements used by Ekoto et al. [2]

elements as compared to the undisturbed boundary layer, as seen in Figure 2.5.
The method to calculating the profile shift, ΔU+, is provided in section 3.2.1. Peltier
et al.([25],[26]) discusses how the Reynolds stress values for the roughened walls,
when scaled by the friction velocity, are lower in magnitude than the flat plate case.
This seems to contradict the findings of Christensen et al. ([8],[9],[10]) It was reported
that the Reynolds stress values collapse to a single curve. This difference could
be

caused

from

the

environmental

effects,

discussed

by

Latin

and

Bowersox.([23],[24])
Sahoo et al.[27] used PIV to analyze the effects from two roughness
topologies on a Mach 7.3 boundary layer. The two roughness types were a
distribution of bars and a mesh of distributed diamond elements. The mean velocity
profiles, when scaled with van Driest II theory, show similar trends to Peltier et
al.([25],[26]) and Ekoto et al.([2],[3]). The three studies found that the roughened
topology boundary layer profiles were shifted below the baseline case, without a
change in general shape. One interesting observation was that the streamwise
velocities were largely effected by the differences in topology, yet the wall-normal
velocities were generally unaffected. The outer-scaled and inner-scaled velocity
profiles can be seen in Figure 2.6. The inner-scaled Reynolds stresses indicated
a decrease in the rough-wall profiles, showing agreement with Peltier et al.([25],[26])
10

Figure 2.5. Velocity profile showing downward shift, from Peltier et al. [25]

Figure 2.6. (left) Normalized streamwise velocity profiles, (right) Law-of-the-wall
correlations with van Driest transformations, where the circles are the smooth plate
and all other shapes are roughness topologies, from Sahoo et al.[27]
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Although there is limited data for supersonic boundary layer effects over
surface topologies, a few trends are apparent. First, there is a downward shift in
the inner-scaled boundary layer profiles of the roughened topologies. These can
range anywhere from a ΔU+ of 4.8 (Ekoto et al.([2],[3])) to ΔU+ of 13 (Peltier et
al.([25],[26])). Second, there is a decrease in velocity in the near wall region for the
roughness outer-scaled velocity profiles. This can be attributed to an increase in
drag due to the roughness. Third, the Reynolds stresses are lower for the
roughness cases when normalized by the friction velocity. This result differs from
incompressible results, where the Reynolds stress profiles collapse when
normalized by the friction velocity. It is important to note that the results in this
section were taken sufficiently far enough downstream to assume the boundary
layer has reached a developed state over the roughness topologies. The present
research will investigate if these trends are consistent at upstream measurement
locations.

2.3

Background of Work for Horizontal PIV Sheet

Most statistical descriptions and models for boundary-layer turbulence
ignore the presence of quasi-periodic coherent motion patterns in the flow. Since
these coherent motions are responsible for the production and dissipation of
boundary layer turbulence, it is fundamentally important that these structures are
understood. A broad review of the presence of coherent structures in
incompressible flows can be found in Robinson[28]. Only a few experiments in the
literature perform non-intrusive measurements in a supersonic boundary layer to
study these phenomenon.
Ganapathisubramani et al.([29],[30],[31]), Tomkins and Adrian[32] and English[33]
are the only other experiments found in the literature that use PIV to study these
phenomenon. The experiments of Ganapathisubramani et al.[29] were the first
dedicated tests that studied the large scale streamwise turbulent structures using
wide-field PIV. These tests concluded that there are elongated strips of high- and
low-speed coherent structures that exist at wall-normal locations, y/δ, of 0.2 and
12

0.45. The results of Tomkins and Adrian[32], and English[33] confirmed similar
measurements. The elongated coherent structures were measured to have spatial
size of more than 2 δ in the streamwise direction and 1 δ in the spanwise direction.
Figure 2.7 provides instantaneous vector fields of the PIV results from
Ganapathisubramani et al.[29] These measurements were taken in a Mach 2 wind
tunnel with a laser sheet oriented in the x-z plane. These measurements identified
the presence of these elongated coherent structures. In Figure 2.7, the flow
direction is from left to right. The streamwise and spanwise velocity fluctuations, u
and v respectively, are normalized by the friction velocity, uτ. In this figure, the high
velocity regions are in red, and the low velocity regions are in blue. The streamwise
elongated coherent structures can be clearly seen spanning the entire field-ofview. Figure 2.8 shows the results measured by English[33] in Mach 4.89 flow.
These results were captured at a similar wall height, y/δ, of 0.2. These results

Figure 2.7. Streamwise and spanwise velocity fluctuations at y/δ = 0.16 (top row),
y/δ = 0.45 (bottom row) normalized by uτ, from Ganapathisubramani et al.[29]
13

Figure 2.8. Instantaneous streamwise elongated turbulent structures at y/δ = 0.2,
from English[33].
seem to agree with those of Ganapathisubramani et al.[29], in which there are
elongated coherent structures traveling downstream. According to the two results
shown in this section, it appears that the structures are larger at a higher Mach
number.
English[33] has performed the only other research found for characterizing
the turbulent streamwise coherent structures over roughness elements. The
bottom right image in Figure 2.8 represents the streamwise coherent structures
over a fetch of diamond roughness elements. This roughness topology was
geometrically similar to what was used in the research presented. Over roughness
elements, the size, shape and orientation of the coherent structures appear to be
less organized. There is also a noticeable increase in the intensity of the largescale turbulence structures in the lower boundary layer region. At the
measurement locations higher in the boundary layer (not shown), the effects of
roughness show little variation from the zero pressure gradient smooth wall. Thus,
14

based on English’s results, the inclusion of roughness elements has little impact in
the outer boundary layer.
Autocorrelations were performed to analyze the physical dimensions of the
coherent structures. The autocorrelations from both Ganapathisubramani et al.[29]
and English[33] can be seen in both Figure 2.9 and Figure 2.10. All three studies
highlighted in this section agree that the size of the coherent structures increase
at higher measurement locations in the boundary layer. This is seen in the
autocorrelations, where the width of the autocorrelation in the streamwise direction
increases as compared to the lower boundary layer measurements. It was also
shown that the spanwise autocorrelations are relatively unchanged when
measuring at various heights in the boundary layer.
The introduction of surface roughness causes a shortening of the
streamwise elongated structures, with little change in the spanwise direction. The
velocity fields and autocorrelations agree on these findings. This phenomenon is
even more evident in the near wall region. These effects begin to diminish the
higher in the boundary layer the measurements are taken. To see the greatest
effects of roughness elements on the boundary layer, a measurement location for
the current experiments was chosen to be in the near wall region. The results will
be compared to the results described above to validate the given observations.
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Figure 2.9. Autocorrelation profiles, from Ganapathisubramani et al.[29]

Figure 2.10. Autocorrelation profiles, from English.[33]
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CHAPTER THREE
EXPERIMENTAL SETUP AND METHODOLOGY
3.1

UTSI Experimental Facility

The facility used for these experiments was a low-enthalpy, blow-down
Mach 2 wind tunnel. The wind tunnel is a planar wind tunnel that operates via an
upstream air storage bottle farm with a maximum capacity of 23.6 m 3 and a
maximum pressure of 20 MPa. For the experiments reported here, the stilling
chamber pressure is regulated to approximately 210 kPa, and the facility exhausts
to atmospheric conditions. The air is not heated, resulting in an average stagnation
temperature of 285 K. The test section has a square cross section measuring 203
× 203 mm (8” × 8”), with floor to ceiling optical access on the sidewall with BK-7
glass windows. There is a naturally occurring turbulent boundary layer attached to
the test section floor that has a boundary layer thickness, δ99, of 11 mm. The
average freestream velocity is 507 m/s, which results in a freestream Mach number
of 2.01 and unit Reynolds number of 3.0 × 107 m-1.[34] A schematic of the wind
tunnel can be seen in Figure 3.1.

Figure 3.1. UTSI Mach 2 wind tunnel.
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For these experiments, the roughness test articles were inserted into the
floor of the test section by utilizing an interchangeable floor piece. This floor piece
had an interchangeable 101.6 mm × 50.8 mm hole, and later experiments used a
304.8 mm by 50.8 mm hole. The crest of the roughness elements were flush with
the wind tunnel floor, with the remainder of the roughness elements being below
the surface. Figure 3.2 shows the location of the test inserts.

3.2

Test Article Geometries

Three roughness topologies were used for these experiments. All of the test
articles were 2 inches in width, with the total length of either 4 inches for the first
and second test campaigns, and 12 inches for the third test campaign. The first
roughness type was a smooth floor insert that was flush to the test section floor.
The amplitude of the surface finish of cast acrylic was found to be ~3×10 -7 m by
Peltier et al.[25] This test article was chosen to represent a case with nearly zero
pressure gradient. The test article was smooth, so no additional mechanical
distortions should be present in the supersonic boundary layer. All three test
articles were made out of clear cast Acrylic, which allows laser light to pass
through, minimizing the amount of light reflection near the surface. This allowed
measurements to be taken closer to the wall as compared to a standard metallic
surface.

Figure 3.2. Floor insert location.
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The second test article was a mesh of uniformly distributed diamond
roughness elements. The diamond roughness test article was designed to have
similar roughness elements to Peltier et al.[25] and Sahoo et al.[27] The diamond
elements had a 26 degree half-angle and a roughness height, k, of 0.33 mm. A
3.81-mm diameter, square-end mill was used to machine the elements, resulting
in 90 degree edges at the bottom of the diamond roughness elements. These
diamond roughness elements were designed to have a leading edge oblique shock
wave, followed by a Prandtl-Meyer expansion wave at the aft portion of the
diamonds. The crest of the roughness topology was flush with the wind tunnel floor,
with the remainder of the roughness height being below the floor.
The third roughness article was derived from the work of Wu and
Christensen[8], where a highly non-uniform topology was used to generate a
“realistic” roughness. A detailed explanation of the design of this test article can be
found in Wu and Christensen([8],[9],[10]). The test article was printed in a high
resolution printer using a clear plastic material. The heights of the roughness
elements were sized to have a similar roughness Reynolds number to the diamond
roughness elements. Figure 3.3 shows a schematic for the three various
roughness elements. The maximum peak for the realistic roughness test article
was designed to be flush with the wind tunnel floor.
3.2.1 Roughness Element Sizing
The diamond roughness elements were sized to provide similar test
conditions to the results from both Peltier et al. [26] and Sahoo et al[27], while the
realistic roughness elements were sized to have maximum roughness heights
similar to the diamond roughness elements to allow for a direct comparison.
The main scaling parameter used to determine the roughness height was
the roughness Reynolds number, k+ which can be written as,
𝑘+ =

𝑘𝑢𝜏
𝜈𝑤

(1)

where k is the roughness height, 𝑢𝜏 is the friction velocity, and 𝜈𝑤 is the estimated
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Figure 3.3. (a) Flat floor insert, (b) diamond roughness floor insert, and (c) realistic
roughness floor insert.
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dynamic viscosity at the wall. An important sizing condition required for these
experiments was to design the roughness size such that it was in the fully-rough
regime. Jimenez[16] prescribes that the roughness Reynolds number must be
above 70 to be within the fully rough regime. Any roughness Reynolds number
less than 5 is considered hydraulically smooth, and any number in between can
be considered transitionally rough. For this research, only fully-rough regimes will
be considered. The friction velocity can be written as,
𝜏𝑤
𝑢𝜏 = √
𝜌

(2)

where 𝜏𝑤 is the shear stress at the wall, and 𝜌 is the freestream density. The shear
stress can be calculated using the Clauser Chart Method.[3]
The Clauser chart method[3] will be used in this study to compare the
compressible boundary layer streamwise velocities measured in this study to the
incompressible log-law in the overlap region. The Clauser chart method solves for
the friction velocity. The Clauser chart method extrapolates the velocity from direct
measurements of the streamwise freestream velocity and mean velocity profile.
The method is based on the assumption that the velocity profile follows the log-law
trends in the overlap region of the boundary layer. Because the velocities are
directly measured through experiments and the remainder of the terms are
constants, the only other undetermined variable is the shear stress at the wall. It
is important to give a detailed approach to calculate the friction velocity using the
Clauser chart method. The steps for the Clauser chart method used in this
research were derived from Ekoto et al.[3] The first step of this method is to
transform the streamwise velocity profile using the van Driest II correction.[35] The
main formula for this method can be written as,
𝑢
[2𝐵12 (𝑢 ) − 𝐵2 ]
𝐵1 𝑢𝑒𝑓𝑓
𝐵2
∞
= sin−1 (
) + sin−1 ( )
𝑢∞
𝐵3
𝐵3
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(3)

where B1, B2 and B3 can be written as,
𝐵1 =

𝑇𝑎𝑤 − 𝑇∞
𝑇𝑤

(4)

𝑇𝑎𝑤
−1
𝑇𝑤

(5)

𝐵2 =

1

𝐵3 = (4𝐵12 + 𝐵22 )2

(6)

In the above equations, 𝑇𝑎𝑤 is the adiabatic wall temperature, 𝑇∞ is the freestream
static temperature, and 𝑇𝑤 is the static temperature at the wall. The incompressible
log-law theory can be written as,
𝜋 𝑦
𝑢𝑒𝑓𝑓 = 𝜅 −1 𝑙𝑛𝑦 + + 𝐵 + 2Π𝜅 −1 sin2 ( ⋅ ) − Δ𝑈 +
2 𝛿

(7)

where κ=0.41 is the von Karman’s constant, B=5.5 is the intercept of the profile
and 𝛱=1.0 is a constant, and y+ is the dimensionless wall distance. These
constants were derived by Ekoto et al.[3] in similar flow conditions, and were
assumed to be applicable for the Mach 2 tunnel conditions in this research. The
formula to solve for y+ can be written as,
𝑦+ =

𝑦𝑢𝜏
𝜈𝑤

(8)

These equations indicate that the velocity profile can be defined using four
parameters: uτ, ϵ, Δ𝑈 + , and Π. The effective origin, ϵ, can be written as,
𝑦 = 𝑦𝑇 + 𝜖

(9)

where ϵ is the effective origin and yT is the wall normal distance measured from
the top of the roughness elements. Finally, the ratio of the effective velocity to the
friction velocity for both the data and theory can be written as,
𝑢𝑒𝑓𝑓
𝑢+ =
𝑢𝜏
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( 10 )

The values of u+ and y+ are compared on a log plot, where the u+ is the x-axis and
y+ is the y-axis. To solve for the friction velocity, the shear stress at the wall is used
as a course adjustment to match the experimental inner-scaled data to the 1/κ
slope of the theoretical log-law. The effective origin, ϵ, is used as a fine adjustment.
The other important factor is to add another term, ΔU+ that shifts the
incompressible log law. This term is needed to match the log-law slope to the
experimental data. As can be seen from equations 1 through 10, the friction
velocity, and therefore k+, can only be solved after the experiments are completed.
Since there are four parameters required for this process, it leads an imprecise
method to calculate the friction velocity. Perry et al.[14] and Wei et al.[36] discusses
the difficulties and concerns of the accuracy of the Clauser chart method; however,
no other analysis techniques are available to calculate the friction velocity in
compressible flows. Peltier et al.[26] describes the uncertainties associated with the
Clauser chart method to be as high as 10%.
To be in the fully-rough regime, two conditions need to be met. As
mentioned before, the k+ value needs to be above 70. Second, the normalized
roughness height, k+/(k/δ), must be above 3,000.[26] These conditions were met for
both roughness test articles used in these experiments. This was an important
requirement to make sure that the mechanical distortions caused by the roughness
elements were comparable to other data in the fully rough regime. Table 3.1 shows
the specifications for each test article, as well as the Mach number and resulting
friction velocity.

Table 3.1. Roughness test article specifications.
Roughness
Type
Smooth Wall
Diamond
Roughness
Realistic
Roughness

M
(--)
2.01

k/δ
(--)
0

k+
(--)
0

k+/(k/δ)
(--)
0

2.01

0.03

270

9,000

2.01

0.04

240

6,000
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3.3

Schlieren Experimental Set-up

Schlieren imaging was used to quantitatively analyze the flow structures
occurring over each test article. These images were used to determine the PIV
fields-of-view, and to make sure that the roughness articles were distorting the
flow. The Schlieren system at the University of Tennessee Space Institute consists
of a pair of 2.67 m focal length mirrors, a high-speed LED light source, and a
Photron Fastcam MiniUX100 high-speed camera. The camera was outfitted with
a 50mm lens. The design of the high-rep rate LED light source was based upon
the work of Willet et al.[37] The images were taken at 50 Hz to get a global field of
view that would identify many of the flow structures that were formed over the
roughness test articles. The knife edge was aligned horizontally, which showed
density gradients normal to the floor of the test section. The repetition rate of the
LED was sufficiently fast enough to effectively freeze the Mach 2 flow within each
individual instantaneous image. Figure 3.4 provides a schematic of the Schlieren
system used in this study.

Figure 3.4. Schlieren experimental set-up, from Lash et al.[34]
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3.4

PIV Experimental Set-up

The primary diagnostic used to acquire quantitative results was twocomponent Particle Image Velocimetry (PIV). PIV was employed to measure
instantaneous velocity fields of the boundary layer for the streamwise wall-normal
(x-y) plane. The first measurement location had a minimum of 300 instantaneous
images. A minimum of 2,000 instantaneous images were taken in the second and
third test campaigns. The location of the images taken for the first measurement
campaign were at a streamwise location of 3.5-5 δ downstream of the front of the
test articles. The location of the images for the second and third measurement
campaigns were at 7-9.2 δ and 19.5-23 δ, respectively. The measurements were
acquired at the centerline of the test article and tunnel. The PIV setup is shown in
Figure 3.5.
Degussa P25 Aeroxide Titanium Dioxide (TiO2) was used as the seed
particle for these measurements. Titanium dioxide solid particles are highly
reflective, have sufficiently low enough response times to capture the dynamics of

Figure 3.5. PIV experimental set-up, from Combs et al.[38]
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the wind-tunnel, and are easily cleaned from most surfaces. The particles were
seeded into the flow via a single-stage fluidized bed driven by compressed dry air.
The mixing chamber in the seeder was filled to half capacity to ensure mixing within
the seeder, which helps prevent the agglomeration of particles. The particles were
injected into the flow just upstream of the convergent section of the wind tunnel
nozzle via a 50-mm diameter cylindrical rake with 2-mm holes distributed along the
centerline. The holes were oriented upstream to promote uniform seeding in the
plane of the laser sheet. The density of seed particles needs to be tightly controlled
during a wind tunnel test. According to Jahanmiri[39], a rule of thumb for sufficient
seeding density is that around ten particles should be correlated for each velocity
vector. A representative seeding concentration can be seen in Figure 3.6.
The solid particles were characterized by Hou[40], who determined the
nominal particle diameter of 21 nm. Hou also determined the particle response
time to be 2.9 μs. To determine whether these particles sufficiently track the flow
field of interest, a particle lag analysis was performed. Samimy and Lele [41]
determined that for a particle to faithfully track the velocity fluctuations in any
turbulent shear layers, the Stokes number for the given particle must be below 0.2.
The Stokes number can be written as,
𝑆𝑡 =

𝜏𝑝
𝜏𝑓

( 11 )

where 𝜏𝑝 is the particle time constant and 𝜏𝑓 is the characteristic flow time scale.
The particle time constant, given by Melling[42], can be written as,
𝑑𝑝2
𝜏𝑝 =
(1 + 𝐾𝑛)
18𝜇

( 12 )

where dp is the particle diameter and 𝐾𝑛 is the Knudsen number (0.324 for TiO2),
which can be written as,
𝐾𝑛 =
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𝑑𝑝
𝜆

( 13 )

Figure 3.6. Illuminated particles over the flat plate model at the centerline.

where 𝜆 is the mean free path. The characteristic flow time scale can be written
as,
𝜏𝑓 =

𝛿
Δ𝑈

( 14 )

where Δ𝑈 is the freestream velocity, and 𝛿 is the characteristic width of the flow.
Following this process, the Stokes number for these experiments was calculated
to be 0.1; therefore the particles sufficiently track the flow field.
The particles were illuminated by two sheets of 532 nm laser pulses emitted
from a Continuum Surelite PIV I-10 frequency-doubled Nd:YAG laser. The laser
light was delivered through the top of the test section using a series of 532 nm
laser mirrors. The beam passed through a 400-mm focal length plano-convex optic
and a -25.4 mm focal length plano-concave optic, resulting in a focused laser sheet
with a thickness (in the spanwise direction) less than 1 mm. The laser sheet was
aligned in the streamwise wall-normal plane along the centerline of the test article.
For the horizontal data in Chapter Six, the laser light was delivered through
the sidewall of the test section. The laser beam passed through the same optics,
however, the sheet was aligned in the streamwise-spanwise (x-z) plane
approximately 1.5 mm ± 0.5 mm above the test section floor. A caging system was
created out of 1” aluminum extrusion to mount the camera above the test section
in a vertical orientation. Calibration images were taken to verify the orientation of
the camera to the test article.
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The resulting scatter from the illuminated particles was imaged using an
Imperx Bobcat B3340 CCD camera with a 3312 × 2488 pixel sensor. The camera
was set to double shutter mode and acquired images at 10 Hz. The lasers were
set to a pulse separation of 500 ns, and the exposure times of the camera were
used to frame straddle the laser pulses. The time separation was chosen to allow
for up to 15-20 maximum pixel displacement to ensure capture of the large and
small velocity gradients in the flow field.
The run duration for each test was 30 seconds to avoid large temperature
variations and camera memory limits. This limited the number of images taken per
run to be 250 image pairs. A Nikon AF Micro Nikkor 60 mm, 1:2.8D, lens was used.
An f-stop number of 11 was used for the experiments. Synchronization between
the camera pulses and the camera capture was accomplished using a Stanford
Research Systems INC Model DG 535 delay generator. The images were captured
using the Imperx software tool.
For the first experimental campaign, 300 image pairs were collected, and
for test campaigns 2 and 3, at least 2,000 image pairs were collected. The
processing for these images was performed using LaVision’s DaVis software. The
image pairs were calculated using successive two-pass, 2:1 elliptic 128 × 128-pixel
interrogation window, then a three-pass, adaptive 48×48-pixel interrogation
window, all with 50% overlap.
The raw vector fields were imported into MATLAB for additional postprocessing. The origin for all datasets was defined as the leading edge, floor
height, and centerline of the roughness test articles. Due to the difficulty of seeding
in compressible flow, it is expected that some of the image pairs did not have the
required seeding density. Therefore, a MATLAB script was used to identify
spurious vectors in a given raw instantaneous vector field. Any vector field with
fewer than 90% valid vectors were eliminated from any statistical analysis shown
in this research. The MATLAB script then eliminated any outlier vectors in the
remaining vector fields and used a nearest neighbor linear interpolation technique
to fill in any missing vectors.
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3.5

PIV Uncertainty Analysis

An uncertainty analysis was performed to quantify the total uncertainty for
any given PIV dataset. An exact measurement of uncertainty for any given
measurement is a topic that is generally poorly understood, so estimations have
to be made. The method used for this analysis was outlined by Combs[43]. There
are many parameters that can be included in an uncertainty analysis. The process
outlined in this section will focus on the Euclidean average uncertainty associated
with particle displacement, pixel shift, and temporal delay between laser pulses.
Parameters that can cause uncertainty in the pixel shifts can include the particle
lag, calibration errors, and insufficient sampling size. The only uncertainty
considered for timing issues will be the result of timing in the electronics or timing
issues with the laser. For this section, only the diamond roughness results from
the second measurement location will be shown.
As mentioned in Section 3.3, the analysis outlined by Hou[40] calculated a
sufficiently low Stokes number for the TiO2 particles used in these experiments.
This indicates that the particles are sufficiently small enough to faithfully track the
Mach 2 flow. Therefore, for this analysis, the particle slip error is deemed
negligible. This estimation will eventually need to be validated with a particle lag
analysis in the Mach 2 tunnel. This can be done by creating a shock within a fieldof-view and analyzing the velocity shift witnessed by the PIV software.
A convergence analysis of the standard deviation of both the mean and root
mean squared velocity profiles can be seen in Figure 3.7. In this figure the peak
deviation of both the mean and r.m.s profiles are seen in the near wall region, at a
y/δ location of 0.1. This can be attributed to the difficulties of measuring velocity
components close to the wall due to laser reflections, and the difficulty of getting
sufficient seeding density in these regions due to compressibility effects. Further
from the wall, however, the standard deviation of the mean and fluctuating velocity
components decreases. The mean velocity component decreases to around 6.3
m/s, and the r.m.s. velocity decreases to 4.3 m/s. The maximum standard deviation
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Figure 3.7. Standard deviation of mean and fluctuating velocity components.

for each roughness case was used to give a conservative estimate.
A second convergence analysis was performed on the residuals of the
mean velocity and r.m.s velocities. Data for this section were acquired over 12 total
wind tunnel runs of 30 seconds each. The formula used to calculate the residuals
can be written as,
𝑅𝑥,𝑖 =

̅̅̅̅̅̅̅̅̅̅̅̅
𝑥
𝑙 − 𝑥𝑙−1
𝑥𝑙,∞
̅̅̅̅̅

( 15 )

Where xl is the weighted variable average using ‘l’ data points, xl-1 is the weighted
average using ‘l-1’ data points, and xl,∞ is the weighted average using all data
points. As seen in Figure 3.8, the residuals rapidly converge to 0.1% within 500
images. The total uncertainty associated with the pixel shift was calculated using
a Euclidean norm, giving a total value of 6.5%.
An image calibration uncertainty, when transforming the images from pixels
to millimeters, was calculated using the methods outlined by Beresh [44]. The
calibration image used for this analysis was a ruler placed in the PIV field-of-view.
Parameters that could cause uncertainties are ruler misalignment, variation in the
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Figure 3.8. Convergence of the mean streamwise velocity and r.m.s velocity.

field-of-view due to vibrations of the camera or translation of the wind tunnel, and
the human error associated with the selection of the pixel location of the ruler.
An analysis was performed to determine the translation of the wind tunnel
during a given wind-on experiment. This was accomplished by adding location
markers to the frame of the wind tunnel, and imaging the movement of these
markers at 21 Hz. Scaling for this analysis was accomplished by taking a
calibration image of a ruler. It was determined that for any run, the wind-tunnel
shifted 0.8 mm and varied by a maximum of ±0.1 mm per image. Errors associated
with the shift of the wind tunnel was deemed negligible for this analysis. All of the
parameters for the image calibration were summed using a Euclidean norm. The
resulting conservative uncertainty of this part of the total uncertainty was 1.5%.
The final part of the uncertainty analysis was associated with the laser peak
timing. Figure 3.9 shows an ensemble averaged timing of two laser pulses,
measured with a photodiode and an oscilloscope. The variation of the two peaks
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Figure 3.9. Laser pulse timing separation.

was observed to vary within ± 5 ns. The delay generator was set to provide laser
pulses at 500 ns, therefore the total uncertainty for the laser pulse timing was 1%.
After calculating all of the parameters used to estimate each component of
the uncertainty, the total uncertainty can be written as,
𝛿𝑥 2
𝛿𝑡Δ𝑥 2
|𝛿𝑢𝑡𝑜𝑡𝑎𝑙 | = √( ) + ( 2 )
Δ𝑡
Δ𝑡

( 16 )

where 𝛿𝑥 and 𝛿𝑡 are the estimated uncertainties in terms of Δ𝑥 and Δ𝑡,
respectively. From Equation 16, the total uncertainty for the current work was
estimated to be 34 m/s or 6.8% of the mean streamwise velocity. The results for
each uncertainty parameter is summarized in Table 3.2.
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Table 3.2. Summary of uncertainty for PIV measurements.
Roughness Type
Uncertainty Component
Field of View Calibration
Particle Lag
Convergence of Mean Velocity
Single Run Sampling Size
Convergence
Convergence Over Multiple Runs
Peak Locking
Temporal Delay Between Laser
Pulses
Total Uncertainty

Flat
Diamond
Realistic
Plate
Roughness Roughness
δ
δ
δ
1.5%
1.5%
1.5%
0.1%
0.1%
0.1%
6.5%
7.4%
8.0%
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1.0%
6.7%
0.1%

1.0%
7.6%
0.1%

1.0%
8.2%
0.1%

1.0%
6.8%

1.0%
7.6%

1.0%
8.2%

CHAPTER FOUR
EXPERIMENTAL RESULTS FROM THREE ROUGHNESS TYPES
PIV results were acquired at three distinct streamwise locations, but this
section will only show the data from the second PIV measurement location
measured between 7-9.2 δ downstream of the roughness floor insert and test
section floor interface. This location was chosen because it had measurement over
three distinct roughness topologies. The results from the measurements at the
other two PIV measurement locations will be presented in Chapter 5.

4.1

Schlieren Results

Schlieren imaging was employed to qualitatively assess any pre-existing
waves in the flow field as well as any mechanical distortions caused from the
roughness elements. There were two sets of Schlieren images taken due to the
large streamwise distance between the PIV measurement locations. The first two
PIV measurement locations were captured within one Schlieren image set;
however, the field of view had to be shifted downstream to capture the third PIV
measurement location. Due to this, the Schlieren images are separated into two
sections in this chapter.
4.1.1 Schlieren Imaging for PIV Measurement Locations One and Two
Figure 4.1 shows a global Schlieren image over the flat plate model. This
image is used to show the various shock and expansion waves that are present in
the wind tunnel. A majority of the waves are caused from the nozzle-test section
interface. Since the knife edge was aligned vertically, shocks waves are
represented as dark lines, and expansion regions are represented as regions that
are lighter than the freestream air. In this image, the light band on the floor
represents the turbulent boundary layer.
Figure 4.2 shows a magnified image of the supersonic turbulent boundary
over each test article. Figure 4.2(a) shows the boundary layer over the flat plate
test article. As expected, the boundary layer develops over this floor insert similar
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Figure 4.1. Global Schlieren image over the flat plate model.

Figure 4.2. Schlieren image of (a) Flat Plate (b) Diamond Roughness (c) Realistic
Roughness.
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to that of an undisturbed boundary layer over the test section floor where the
boundary layer develops gradually in the wall-normal direction.
Figure 4.2(b) shows the boundary layer over the diamond roughness test
article. The inclusion of roughness elements introduces significant mechanical
distortions to the boundary layer. This reveals that the distortions caused from the
diamond roughness elements are the dominant mechanisms for distortions in the
flow field. There appear to be periodic shock waves, which indicate that the
roughness elements extend though the subsonic portion of the boundary layer and
enter the supersonic portion. Another interesting feature is that the shockwaves
travel through the entire boundary layer and into the freestream, which suggests
that the entirety of the boundary layer is affected by the roughness elements. This
agrees with the trends seen in the literature for roughness elements that are in the
fully-rough regime. These waves are known to be shock waves because they
measure to be 32±1°, slightly higher than the Mach angle of 30⁰ for a Mach 2 flow.
Also notable are the expansion fans that are present directly behind the shocks,
which can be seen as the regions that are brighter than the freestream.
Figure 4.2(c) shows the boundary layer effects of the supersonic boundary
layer over the realistic roughness topology. This roughness element causes nonuniform mechanical distortions along the extent of the test article. It is important to
note that Schlieren imaging is path integrated, therefore some of the waves seen
in the figure are not located at the centerline. These waves all measure to be
30±1°. This makes the waves Mach waves, rather than shock waves. Therefore, it
is expected that the effects of this roughness topology will be less than the diamond
roughness elements.
4.1.2 Schlieren Imaging for Measurement Location Three
Figure 4.3 shows the field-of-view acquired over the flat plate floor insert, at
the location of the third location of PIV measurements. The yellow box indicates
the exact field-of-view of the PIV system. Within the yellow box, a shock wave
reflects off the floor and interacts with the boundary layer at the front of the
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Figure 4.3. Schlieren image of the flat plate floor insert at measurement location
three, where the yellow box is the PIV field-of-view.

measurement location. Also present is an expansion fan that enters the field-ofview and interacts with the boundary layer at the trailing portion of the yellow box.
There is a general increase in turbulence and an uplifting of the boundary layer
within the yellow box. This trend is confirmed by the wall-normal velocity
fluctuations, as shown in Section 5.2.
Figure 4.4 shows the boundary layer development over the diamond
roughness floor insert. Again, the shock waves and expansion fans are present in
the PIV field-of-view. The boundary layer again appears to have a general increase
in turbulence and uplifting. The inclusion of the diamond elements interacts with
the boundary layer flow and causes significant mechanical distortions.
Shockwaves are formed at the leading edge of the diamond elements and travel
through the entire boundary layer. There is also uniform spacing of the
shockwaves due to the uniform distribution of the diamond elements. Behind each
shock wave exists an expansion fan, which acts to alleviate some of the effects of
the shockwaves. These regions can be seen as the regions behind the diagonal
black lines that are lighter in intensity than the freestream region.
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Figure 4.4. Schlieren image of the diamond roughness floor insert at measurement
location three, where the yellow box is the PIV field-of-view.

4.2

PIV Results

The primary goal of this section is to determine the response of the
supersonic boundary layer to the presence of roughened surface topologies. Ekoto
et al.[2] and Peltier et al.[26] have shown that the shear stress response due to the
diamond roughness topology is due to the presence of periodic alternating
favorable and adverse pressure gradients. The PIV measurements were acquired
at 10 Hz. At this acquisition rate, the instantaneous images are uncorrelated in
time, therefore most analyses were done using mean statistics.
4.2.1 Mean Boundary Layer Profiles
Two-dimensional velocity fields oriented in the streamwise and wall-normal
plane were analyzed for all three roughness topologies. Each roughness topology
had over 2,000 valid vector fields, resulting in statistical convergence for mean,
fluctuating, and turbulent statistics. As mentioned in Section 3.5, the conditional
filtering of the PIV images required more than 90% valid vectors in each
instantaneous image. This prevented any spurious vector fields from being
considered in any of the statistical analysis. Figure 4.5(a) shows the ensemble
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averaged velocity fields over the flat plate test article. The arrows in all of the
velocity fields represent the local mean velocities, where the streamwise velocity
was scaled by a reduction factor of 50. This scaling was required to show any
indication of wall-normal velocity effects, since the streamwise velocities were an
order of magnitude higher. In the figure, the highest velocity is red, and the lowest
velocities are blue. The boundary layer gradually develops, as expected for the
smooth wall case. The velocity field has a dominant streamwise component, with
mean wall-normal velocity components being 0.1% of the mean streamwise
velocity. The edge velocity measured from PIV, for the flat plate model, was 498
m/s, which agrees within 1.8% with the conditions reported in Lash et al.[34]
Figure 4.5(b) shows the ensemble averaged velocity fields over the
diamond roughness test article. The lower velocity regions of the boundary layer
are thicker directly behind the shock waves, which can be seen clearest in the wallnormal velocity field. The yellow diagonal lines, as well as where the velocity vector
arrows curve upward, indicate the shock wave regions. The expansion fan regions
of the flow are the green regions that follow, where the effects of the shock waves
are relieved, and the flow turns back to being parallel to the wall. The wall normal
velocities increase to 10 m/s in the shock regions and drop down to 0 m/s in the
expansion fan regions. The edge velocity over the diamond roughness topology
was measured to be 501 m/s, which was within 1% of the nominal freestream
velocity.
Figure 4.5(c) shows the ensemble averaged velocity fields over the realistic
roughness test article. The streamwise velocity fields appear similar to the flat plate
case, where the ensemble averaged boundary layer appears to be relatively
undisturbed. Looking at the wall-normal velocity field, however, indicates a
heightened wall-normal velocity compared to the flat plate case. The velocity is, on
average, 10 m/s higher as compared to the flat plate wall-normal velocity. The
velocity vectors show similar agreement in that they show a general upward trend.
This trend agrees with the waves seen in the Schlieren images, since the waves
cause a general lifting of the flow. The edge velocity over the realistic roughness
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(a)

(b)

(c)

Figure 4.5. Mean velocity fields for (a) Flat Plate (b) Diamond Roughness (c)
Realistic Roughness.

40

topology was measured to be 500 m/s, which was 2 m/s higher than the flat plate
case, and within 1% of the nominal freestream velocity.
Figure 4.6(a) shows the ensemble averaged two-dimensional dilatation
calculated through numerical differencing along each y/δ location, with swirling
strength contours overlaid. Dilatation is a way to show where in the flow field the
velocity is either increasing or decreasing, since the dilatation is simply the
divergence of a velocity from the mean velocity. In the figure, any velocities greater
than the mean velocity are red, any velocity less than the mean velocity are blue,
and the mean velocity is white. Since the swirling strength had low magnitudes, no
contours are present in the figure.
Figure 4.6(b) shows the two-dimensional dilatation for the diamond
roughness topology. The regions in blue indicate regions that are affected from the
shock waves in the flow-field, since the velocities are decelerating. The areas in
red indicate the presence of an expansion fan, since the velocities are
accelerating. Also apparent in this velocities increase to 10 m/s in the shock
regions and drop down to 0 m/s in the expansion fan regions. The edge velocity
over the diamond roughness topology figure are the rotations occurring in the
expansion regions of the flow indicated by the black contour lines in the figure.
These vortices are present in the mean flow, and indicate that the flow is turning
in the expansion regions to relieve the effects of the shock waves.
Figure 4.6(c) shows the two-dimensional dilatation for the realistic
roughness. As expected from the Schlieren images seen in section 4.1, there is
little accelerating or decelerating flow in the flow field. There are a few structures
present at locations of 6.5 and 7.8 δ downstream of the front of the roughness test
article, in which the flow is slightly accelerated due to some kind of wave caused
from the roughness topology. There are likely regions of higher roughness
topology at these locations, which agrees with the findings of Wu et al.[9]
Boundary layer profiles of the streamwise velocity for the three roughness
topologies are shown in Figure 4.7, where the boundary layer thickness, δ,
corresponds to U/U0 = 0.99U0. These data were averaged over the streamwise
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(a)

(b)

(c)

Figure 4.6. Dilatation and swirling strength for (a) Flat Plate (b) Diamond
Roughness and (c) Realistic Roughness.
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Figure 4.7. Outer-scaled boundary layer profile.
distance of one diamond element, approximately 0.7 δ. Both rough-wall topologies
show a decrease in streamwise velocity starting at a height of 0.5 δ. This is to be
expected because of the addition of compressibility effects, which will increase the
pressure drag in the near wall region.
The outer-scaled boundary layer profile shown in the above figure was
averaged over the length of a diamond roughness element and was located at the
aft portion of the PIV field-of-view. Figure 4.8 shows a comparison of boundary
layer profiles at three different locations within the PIV field-of-view. The difference
in the near-wall region is up to 20% between the front and back of the streamwise
locations. This indicates the sensitivity of the measurements, and the importance
of only averaging profiles over a small streamwise distance.
The inner-scaled streamwise velocity profiles for all three surface topologies
are shown in Figure 4.9. The rough wall data shows a velocity shift, ΔU+, of 4.5
and 3 for the diamond roughness and realistic roughness, respectively. Ekoto et
al.[2] reported a shift of 4.8 at Mach 2.9, and Peltier et al.[26] reported a value of 1213 for Mach 4.9. The increase in velocity shift could be a function of the Mach
number for each respective test. The friction velocity was calculated using the
Clauser chart method, which was described in Section 3.2.1. The three friction
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Figure 4.8. Outer-scaled boundary layer profile at three different streamwise
locations.

Figure 4.9. Inner-scaled boundary layer profile.
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velocities were 18.7 m/s, 22.5 m/s, and 20.4 m/s for the flat plate, diamond
roughness and realistic roughness respectively.
4.2.2 Turbulence Results
The goal of this section is to study the statistical properties of the turbulent
Mach 2 boundary layer over the rough surfaces. The instantaneous velocity
fluctuations were used as the main variable for this analysis. The velocity
fluctuations were then used to calculate the Reynolds stresses, which give insight
into the response of the boundary layer. The resolution of the PIV measurement
technique acts as a spatial filter, therefore there are unresolved subgrid Reynolds
stress values; however resolving these stresses was not a part of this analysis.
The wall-normal Reynolds stress values were determined for all three
roughness topologies. All Reynolds stress components are normalized by the
square of the friction velocity. The profiles were extracted from averaging the axial
values over an entire diamond roughness element streamwise distance, 0.785 δ.
In Figure 4.10, the axial Reynolds stress values are compared. In the outer
boundary layer, the realistic roughness topology converges to a higher Reynolds
stress value than either of the other topologies. This could be attributed to the nonuniform compressible waves in the flow, and the increase in turbulence intensity in
the outer boundary layer. The wall-normal Reynolds stresses are compared in
Figure 4.11. The diamond roughness topology appears to have the lowest
magnitude wall-normal Reynolds stress. All three roughness topologies have the
largest wall-normal stress in the near wall region, and appear to have similar
maximum magnitudes. In Figure 4.12, the shear Reynolds stress values seem to
be highest in the near wall region, and decrease in the upper boundary layer. This
is to be expected for any boundary layer because the freestream should have the
lowest amount of velocity fluctuations. Also noticeable is that there appears to be
similar scaling behavior towards the edge of the boundary layer. These results
show similar trends to what is reported by Wu et al.[26], and Latin and Bowersox.[23]
Inspecting the Reynolds stress fields gives insight into the different waves
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Figure 4.10. Inner-scaled axial Reynolds stress profile.

Figure 4.11. Inner-scaled wall-normal Reynolds stress profile.
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Figure 4.12. Inner-scaled shear Reynolds stress wall-normal profiles.

caused from the mechanical distortions of the roughness elements. Figure 4.13
shows the shear Reynolds stress values over the flat plate case. As expected, the
shear Reynolds stress vales are highest in the near wall region, and gradually
decrease higher in the boundary layer. This trend is similar to what is seen in the
mean velocity fields and the Schlieren imaging. Figure 4.14 shows the shear
Reynolds stress contours for the diamond roughness topology. The shear
Reynolds stress values show periodic high and low magnitude regions
corresponding to shocks and expansion fans present in the flow. The darker
regions are higher Reynolds stresses, which would be caused from shock waves
in the flow. In the regions of lower Reynolds stresses, there are expansion fans.
The locations of these features agree closely with the Schlieren images in section
4.1.1. Figure 4.15 shows the shear Reynolds stress contours for the realistic
roughness topology. Again, the highest magnitude shear Reynolds stress values
are located in the near wall region. The higher magnitude shear Reynolds stress
values are located in the exact same locations that were identified from the
dilatation plots in section 4.2.1 (x/δ locations of 6.5 and 7.8).
To further examine the periodic behavior of the shear Reynolds stress, a
mean subtracted profile along the streamwise direction was extracted over the
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Figure 4.13. Reynolds shear stress field over the flat plate.

Figure 4.14. Reynolds shear stress field over the diamond roughness topology.
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Figure 4.15. Reynolds shear stress field over the realistic roughness topology.
entire field of view at a wall-normal location of 0.15 δ, as seen in Figure 4.16. The
flat plate had the smallest peak to peak variation in the normalized mean
subtracted normalized Reynolds stress values of 0.12. In comparison, the diamond
roughness normalized mean subtracted Reynolds stress varied in a periodic,
almost sinusoidal, manner with a maximum peak to peak amplitude of 0.26, which
is over double the flat plate fluctuations. These periodic variations were caused
from the shock waves and expansion fans generated from the uniformly distributed
roughness elements. The shock waves caused the negative Reynolds stress
fluctuations, and the expansion fans caused the positive fluctuations. The realistic
roughness normalized mean subtracted Reynolds stress response has a nonuniform pattern, which can be expected from the unstructured waves throughout
the flow field. The maximum peak to peak amplitude was 0.22, just under twice the
fluctuations of the flat plate case.
The turbulence intensity values for the three roughness topologies are
compared in Figure 4.17 at a streamwise location of 7.7 δ. This location was
chosen because roughness-induced waves are present at this location for both the
diamond and realistic roughness topologies. The flat plate turbulence intensity
converges to slightly under 1% in the freestream. This is to be expected, since
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Figure 4.16. Axial profiles of shear Reynolds stress.

Figure 4.17. Turbulence intensity profiles for all three roughness topologies.
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typical “noisy” wind tunnels are conservatively assumed to have between 1-3%
noise in the freestream. The diamond roughness case converges to the same
freestream turbulence intensity, which would imply that the majority of the diamond
roughness effects are contained within the boundary layer. At a y/δ location of 0.6
to 0.8, the diamond turbulence intensity increases in magnitude. This is due to a
shock wave being present at that wall normal, streamwise location. Also of note is
the significant increase in turbulent intensity below a y/δ location of 0.3. This can
be attributed to the increase in drag due to the increase in near-wall pressure drag
due to the mechanical distortions caused from the roughness elements. Grass[13]
results are similar and he notes that an attenuation of the Reynolds stress in the
near wall region is due to an increase in the drag. The realistic roughness case
seems to have higher turbulence intensities throughout the boundary layer and
freestream. This is likely due to the non-uniform wave structures present
throughout the flow, which never allows the flow to return to an equilibrium state.
To further investigate the turbulence effects in the supersonic boundary
layer, probability density functions (PDF) of the shear Reynolds stresses are
shown in Figure 4.18. The Reynolds stresses were normalized by the square of
the friction velocity. The PDFs were generated over a range of four distinct y/δ
values to investigate the effects of the roughness topologies on the Reynolds
stress terms. The PDFs have a general negative skewness. Additionally, the
addition of roughness topologies only seem to effect the negative shear stress
events. The positive shear stress events seem to be relatively unaffected at each
wall height location. The probability of high magnitude negative shear stress
events is noticeably higher in the near wall regions. The probability of these events
decreases as y/δ increases, and the mean value approaches zero. This is to be
expected, since the last location was close to freestream conditions, where the
velocity fluctuations should be lowest. These observations are similar to those
shown in Peltier et al.[26] This behavior is also similar to the results shown in Wu
and Christensen[10], where they observed the roughness mainly increased the
probability of high magnitude shear stress events in the near wall region.
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(a) 0 < y/δ < 0.1

(b) 0.1 < y/δ < 0.25

(c) 0.25 < y/δ < 0.5

(d) 0.5 < y/δ < 1

Figure 4.18. Shear Reynolds stress probability density functions for all three
roughness elements, normalized by the square of the friction velocity.
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CHAPTER FIVE
ROUGHNESS EFFECT STREAMWISE DEVELOPMENT
CHARACTERIZATION
Mean velocity and velocity gradient data were obtained at three different
streamwise locations, all at the centerline of the test articles. These data were
acquired in an attempt to characterize the streamwise development of the
distributed roughness effects on the supersonic boundary layer. The three
measurement locations were at x/δ locations, measured from the front of the
roughness floor inserts, of 3.5-5, 7-9.2, and 18.5-21. Figure 5.1 provides a
schematic of the three measurement locations. The acquisition rate of the PIV
system requires that most analyses be done on the mean statistics.

5.1

Mean Data Boundary Layer Profiles

Boundary layer profiles for all three measurement locations were extracted
for the streamwise velocity, via the same methods as described in section 4.2.1.
Figure 5.2 shows the outer-scaled streamwise velocity profile for the flat plate floor
insert. The edge velocity at each individual measurement location normalized the

Figure 5.1. Schematic for the three PIV measurement locations, where orange line
represents the roughness floor inserts, the green boxes are the PIV fields-of-view,
and the blue line is the boundary layer edge.
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Figure 5.2. Outer-scaled streamwise boundary layer profiles at all three
measurement locations for the flat plate test article.

velocity profiles. The first measurement location is represented as black circles,
the second measurement location as blue circles, and the third location as red
circles. The data in these profiles were extracted over the axial distance of one
diamond roughness element, 0.785 δ. All three boundary layer profiles contain the
entirety of the boundary layer at each given location. The boundary layer profiles
at all three measurement locations are very similar (agreeing within 3%) for the flat
plate model, indicating that the states of the boundary layer between these
locations are similar.
Figure 5.3 compares the boundary layer profiles of the diamond roughness
elements at all three measurement locations. The boundary layer profiles at the
second and third measurement locations are similar, just like for the flat plate
boundary layer profiles. The boundary layer profile at the first measurement
location contains velocities up to 5% higher ranging from y/δ = 0.4-0.7. This can
be attributed to the flow only being effected by four shockwaves before reaching
the first measurement location, rather than eight shocks at the second and twenty
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Figure 5.3. Outer-scaled streamwise boundary layer profiles at all three
measurement locations for the diamond roughness test article.

three before the third measurement locations. When comparing the flat plate
boundary layer profiles to the diamond roughness profiles, there is a reduction in
velocity in the near-wall region starting at approximately 0.5 y/δ. This can be
attributed to the increased drag due to the roughness elements. At the first
measurement location, the effects of the roughness elements were the smallest of
the three locations. Also notable is that the boundary layer profile is more smooth
for the flat plate case which is expected due to there being no shocks or expansion
fans in the flow field.
For the inner-scaled streamwise velocity profiles seen in Figure 5.4, the
development of the roughness effects changes according to the streamwise
measurement location. The vertical shift of the rough-wall data, ΔU+, was 3, 4.5,
and 5 for the first, second and third measurement locations respectively. These
values are close to the reported values from Ekoto et al. [2] of 4.8, but lower than
the reported value of 13 from Peltier et al.[26] This could indicate possible Mach
number effects, or environmental condition changes between supersonic and
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Figure 5.4. Inner-scaled boundary layer profiles for all three measurement
locations for both the flat plate and diamond roughness test articles.

hypersonic flows. There is also an increase in the wake region in the third
measurement location.

5.2

Turbulence Results

The turbulent statistics of the Mach 2 flow were compared in a similar
method to what was outlined in Section 4.2.2. In Figure 5.5, the axial Reynolds
stress values are compared for both the flat plate and diamond roughness inserts
at all three measurement locations. The magnitude of the axial Reynolds stress
values seem to increase, for both roughness types, as the axial distance increases.
Also of note is that the flat plate axial stress is consistently higher in magnitude
throughout the boundary layer.
Figure 5.6 compares the wall-normal Reynolds stress values. The
magnitude of the wall-normal Reynolds stress values also increase as the
streamwise distance increases. In the third measurement location, the wall-normal
Reynolds stress values seem to be drastically higher, on the order of 60% higher,
than the other two measurement locations. This could be attributed to the reflected
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Figure 5.5. Inner-scaled axial Reynolds stress profiles at all three measurement
locations.

Figure 5.6. Inner-scaled wall-normal Reynolds stress profiles at all three
measurement locations.
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shock and expansion fan that are present within the measurement location, which
would increase the velocity fluctuations in the wall-normal direction. The magnitude
of the Reynolds stresses increase as the streamwise distance increases. The
highest magnitude of the Reynolds stress is located in the near wall region.
In Figure 5.7, the shear Reynolds stress values are compared at the three
measurement locations. The Reynolds stress values again appear to be highest in
the near wall region. At the further aft locations, the diamond roughness Reynolds
stress values are higher than the flat plate case, whereas at the first measurement
location, the opposite is true. This shows that the velocity fluctuations in the near
wall region are increasing with an increasing streamwise location.
The turbulence intensity at all three measurement locations for the flat plate
insert are compared in Figure 5.8. The general trend seen in this figure is that the
turbulence intensity increases along the streamwise location. The freestream
turbulence intensity at the first two measurement locations are around 1%, which
fits in the assumed 1-3% turbulence in a typical wind tunnel. At the furthest aft

Figure 5.7. Inner-scaled shear Reynolds stress profiles at all three measurement
locations.
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location, the turbulence is much higher at 3%, which can be attributed to the waves
that interact with the boundary layer within the PIV field of view.
The same trends are seen in Figure 5.9, where the turbulence intensities
for the diamond roughness topology are compared. The turbulence intensity in the
third measurement location increases up to 6.5%, which may indicate the effects
of the roughness element are reacting with the other shock waves interfering the
field-of-view.
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Figure 5.8. Turbulence intensity at each measurement location for the flat plate
floor insert.

Figure 5.9. Turbulence intensity at each measurement location for the diamond
roughness floor insert.
60

CHAPTER SIX
HORIZONTAL PIV DATA
Data were acquired using a horizontally oriented laser sheet in the
spanwise-streamwise direction at a height off the wall of y = 0.15 δ. This laser
alignment allows for measurements of near-wall spanwise and streamwise
velocities. These velocities are used to identify large coherent structures that are
elongated in the streamwise direction. These measurements were acquired over
both a smooth floor, and a roughened floor to compare the spatial size and
orientation of the near-wall coherent structures. The following sections will provide
insight into the fluctuating components, identify the coherent structures, and
compare the spatial orientation of the structures by utilizing autocorrelations.

6.1

Flat Plate Results

Elongated streamwise structures, at a wall-normal height of y = 0.15 δ, are
apparent in every instantaneous velocity field collected during 10 wind-tunnel runs.
Figure 6.1 provides multiple examples of these coherent structures, where each
image was taken in sequential order. In the figure, the flow is from bottom to top
and the velocity fluctuations are normalized by the friction velocity, uτ. The friction
velocity was calculated using the Clauser chart method described in Section 3.2.1.
In the figure, regions with positive velocity fluctuations are red, and negative
velocity fluctuations are in blue. The acquisition rate was only 10 Hz, therefore,
these images are uncorrelated in time, so a temporal analysis cannot be
completed. However, looking at these images, there are trends that are apparent.
In Figure 6.1, the streamwise velocity fluctuations, u, show the existence of
streamwise elongated positive and negative velocity fluctuations. These features
are not stationary in space. These coherent structures typically range from 0.5δ –
1δ in width, and are typically longer than the field of view of >5δ. These results are
similar in nature to the results of Ganapathisubramani et al.[29], where the coherent
structure average lengths were at or greater than 8δ. The velocity fluctuations in
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Figure 6.1. (left) Streamwise velocity fluctuations over the smooth surface
normalized by uτ at y/δ = 0.15. (right) Spanwise velocity fluctuations over the
smooth surface normalized by uτ at y/δ = 0.15.
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this region are large, ranging up to ±65 m/s from the mean velocity, or 25% of the
mean velocity in the streamwise direction.
The spanwise velocity fluctuations, w, is far less coherent than the
streamwise component. The coherent structures are short and compact patches
of positive and negative fluctuations. The velocity fluctuations are lower at 44 m/s.
The fluctuations seem to also be random in space, and do not seem to have any
spatial organization.
Two-point autocorrelations were performed on the velocity fluctuations to
quantitatively characterize the spatial characteristics of the streamwise elongated
coherent structures. The autocorrelations were performed over multiple runs, and
were ensemble averaged to generate the profiles show in in Figure 6.2.
The Ruu and Rww autocorrelation profiles of the smooth plate velocity
fluctuations can be seen in Figure 6.2. The autocorrelations were taken along the
Δx = 0 (spanwise) and Δz = 0 (streamwise) directions. Figure 6.2(a) shows
autocorrelations performed in the streamwise direction, which gives insight into the
total length of the coherent structures. The Rww velocity autocorrelation drops
sharply, indicating the spanwise velocity fluctuations are short in the streamwise
direction. In comparison, the Ruu autocorrelation gradually declines and is still
present at the edge of the measurement field-of-view, indicating that the
streamwise length of the coherent structures is over 5 δ in length.
Figure 6.2(b) shows the autocorrelations along the spanwise direction. In
this figure, both the Ruu and Rww autocorrelations drop sharply, indicating that both
velocity fluctuations are approximately 1 δ in width.

6.2

Roughened Surface Results

PIV results were obtained using a streamwise-spanwise oriented laser
sheet over the diamond roughness floor insert described in Section 3.4, at a wallnormal location of y = 0.15 δ. Streamwise elongated coherent structures were
apparent in each individual instantaneous image. Multiple examples of these
coherent structures, where each image was taken in sequential order, as seen
63

Figure 6.2. (left) Autocorrelation in the streamwise direction (right) autocorrelation
in the spanwise direction at y/δ = 0.15.

in Figure 6.2. In these figures, the velocity fluctuations are normalized by the
friction velocity, which was calculated using the Clauser chart method described in
Section 3.2.1.
The coherent structures, when compared against the smooth wall case, are
much less organized and are not as well defined. The coherent structures appear
to break up and are not one solid packet of positive and negative fluctuations in
the streamwise direction. They are not completely aligned in the streamwise
direction, which could indicate more turbulent motion in the spanwise direction.
These results compare well with the results from English[33]. The coherent
structures appear thinner than the smooth wall case, average maximum widths of
0.5 δ. A majority of the structures are captured within the field-of view, but an
occasional structure is present that spans past 5 δ in length. The velocity
fluctuations are similar to the flat plate floor insert, described in Section 6.1.
In the spanwise direction, the coherent structures are smaller than the
streamwise components. The coherent structures are small patches of positive
and negative velocity fluctuations that appear similar to those shown in Figure 2.8.
Two point autocorrelations were performed for the velocity fluctuation
measurements over the roughened surfaces. The rough-wall autocorrelations
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Figure 6.3. (a) Streamwise velocity fluctuations over the roughened surface
normalized by uτ at y/δ = 0.15. (b) Spanwise velocity fluctuations over the
roughened surface normalized by uτ at y/δ = 0.15.
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were compared to the flat plate floor insert results, as seen in Figure 6.4. The
roughness streamwise velocity fluctuation autocorrelation has a sharper decrease
than the flat plate case, which indicates that the streamwise coherence is shorter
than the smooth wall case. The roughened-wall coherent structures are also
narrower than the flat plate autocorrelation. The autocorrelation for the roughened
case converges to zero within the field of view, which would suggest that the size
of the coherent structures are, on average, less than 5 δ in streamwise length. The
autocorrelations in the spanwise direction show that the roughness case is
narrower than the smooth wall case, indicating narrower spanwise structure
distribution.
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(a)

(b)

Figure 6.4. Autocorrelation profile comparison between the flat plate and diamond
roughness velocity fluctuations at y/δ = 0.15 in (a) Ruu and Rww for the streamwise
direction, and (b) Ruu and Rww for the spanwise direction.

67

CHAPTER SEVEN
CONCLUSIONS
Two-component particle image velocimetry (PIV) and Schlieren imaging
were used to quantitatively and qualitatively analyze the mechanical response of
a Mach 2 boundary layer to the onset of surface roughness. The first goal was to
determine the magnitude of mechanical distortion caused from various roughness
topologies. This was accomplished by utilizing three roughness topologies: a
hydraulically smooth floor insert, a diamond roughness topology, and a realistic
roughness topology. The second goal was to determine how these mechanical
distortions evolved in the flow direction. Three measurement locations were used
to characterize the flow effects along the streamwise direction. Lastly, near-wall
streamwise elongated coherent structures were analyzed over both the
hydraulically smooth and diamond roughness floor inserts via a horizontally
aligned laser sheet. The parameters of interest for all three studies were the mean
velocities, the velocity fluctuations, and Reynolds stresses.
For the three roughness elements, the hydraulically smooth floor insert was
considered to be a baseline case. Schlieren imaging showed no mechanical
distortions resulting from the floor insert within the PIV field-of-view. The other two
roughness topologies were shown to produce waves that propagated through the
extent of the boundary layer and into the freestream. This indicates that even
though the crest of the roughness elements were flush with the wind tunnel floor,
they extended into the supersonic portion of the boundary layer. The mean outerscaled streamwise velocity profiles, measured with PIV, showed a deficit in the
velocity for both roughness topologies in the near-wall region (< 0.5 y/δ). This was
expected due to the increase in pressure drag from the compressible waves in the
flow field. The inner-scaled boundary layer profiles showed a downward vertical
shift of 3 m/s and 4.5 m/s for the realistic roughness and diamond roughness
topologies, respectively. These results show similar agreement to other results in
similar conditions (Ekoto et al.[3] in Mach 2.86 flow). Using the Clauser chart
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method, the friction velocity for the diamond roughness topology was 4 m/s higher
than the flat plate case. This result was within 1 m/s of the results reported by
Ekoto et al.[3] Higher Mach cases, such as Peltier et al.[26], show a much larger
vertical shift in the inner-scaled velocities, up to 13. This could indicate Mach
number effects not encompassed by the roughness Reynolds number, k+. The
Reynolds stresses for the roughened surfaces had a higher magnitude in the near
wall region. The turbulent intensities were also higher for the roughened surface
topologies. This indicates that the positive and negative pressure fluctuations
associated with the shock and expansion waves cause larger velocity fluctuations
than the flat plate floor insert.
The streamwise development of the roughness effects were analyzed for
both the flat plate floor insert and the diamond roughness topology. When
comparing the outer-scaled boundary layer profiles, the second and third
measurement locations have similar boundary layers. This would indicate that the
roughness effects are close to being fully-developed at both measurement
locations. The inner-scaled profiles show an increasing downward vertical shift
with an increasing streamwise distance. The downward vertical shift in the innerscaled profiles increases from 3 in the first measurement location, 4.5 in the
second and 5 in the third. This indicates that at the first two measurement locations,
the roughness effects are still developing. Once the downward shift remains
constant, the boundary layer effects would be determined to be fully developed. At
the second and third streamwise measurement locations, the diamond roughness
Reynolds stress values were higher than the flat plate case. This agrees with the
trends reported by Ekoto et al. [3] and Latin and Bowersox.[24] Also of note is that
the magnitude of the Reynolds stress events increases as the streamwise location
increases. This is an indication that the velocity fluctuations continue to increase
along the streamwise locations. Another interesting feature of the third
measurement location is that there are facility-generated shock and expansion
waves that impinge the boundary layer in the field-of-view. These waves appear
to effect the streamwise velocity very little, while causing large increases in the
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wall-normal velocity fluctuations. This could ultimately cause a lifting in the
boundary layer. This would be an interesting phenomenon to study in subsequent
efforts.
A study of the near-wall boundary layer utilizing a laser sheet oriented in the
streamwise-spanwise plane identified the presence of near-wall streamwise
elongated coherent structures. These structures were regions that had higher and
lower velocities than the average velocity, and were more than 6 δ in streamwise
length for the hydraulically smooth floor insert. By using a two-point
autocorrelation, a spatial characterization of these structures could be
accomplished. When comparing the diamond roughness topology to the
hydraulically smooth floor insert, the structures seemed to be much less spatially
coherent. The magnitude of the velocity fluctuations were higher, but the length of
the coherent structures were smaller and more randomly distributed.
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